The RNA chaperone, Hfq, is known to play extensive roles in bacterial growth and development. More recently, it has been shown to be required for virulence in many human and animal bacterial pathogens. Despite these studies little is known about the role Hfq plays in phytopathogenic bacteria. In this study, we show Hfq is required for full virulence of the crucifer black rot pathogen Xanthomonas campestris pv. campestris (Xcc). We demonstrate that an Xcc hfq deletion strain is highly attenuated for virulence in Chinese radish and shows a severe defect in the production of virulence factors including extracellular enzymes and extracellular polysaccharide. Furthermore, the Xcc strain lacking Hfq had significantly reduced cell motility and stress tolerance. These findings suggest that Hfq is a key regulator of important aspects of virulence and adaptation of Xcc. Taken together, our findings are suggestive of a regulatory network placing Hfq at the centre of virulence gene expression control in Xcc.
Introduction
Hfq is recognized as a post-transcriptional regulator of global gene expression (Chao and Vogel, 2010) . Over 50 years ago, Hfq was identified in Escherichia coli as a host factor required for replication of RNA bacteriophage Qβ and was subsequently shown to be an RNA-binding protein that forms homohexamers of approximately 12 kDa subunits (Franze de Fernandez et al., 1968) . Later it was found that inactivation of hfq in E. coli exhibited broad, pleiotropic phenotypes affecting growth rate, cell morphology and tolerance of stress conditions (Tsui et al., 1994) . Since these experiments it is now acknowledged that Hfq orthologues are widespread and highly conserved in both Gram-positive and Gram-negative bacterial species (Sun et al., 2002; Valentin-Hansen et al., 2004; Chao and Vogel, 2010; Sobrero and Valverde, 2012; Feliciano et al., 2016; Updegrove et al., 2016) .
More recently, closer attention has been paid to the role that Hfq plays in bacterial pathogenesis. For example, in the zoonotic pathogen Brucella abortus, an hfq mutant displayed significantly reduced survival in cultured murine macrophages and attenuated virulence in a mouse model (Robertson and Roop, 1999) . Similarly, Hfq has been reported to be essential for the virulence of Vibrio cholera and Salmonella typhimurium (Chao and Vogel, 2010) . Currently, Hfq has been reported to be involved in the regulation of virulence in approximately two dozen human and animal bacterial pathogens (Chao and Vogel, 2010; Mansfield et al., 2012; Wilms et al., 2012; Zeng et al., 2013; Feliciano et al., 2016) . Despite extensive work on this protein only a limited amount of work has been carried out examining the potential role of Hfq in the virulence regulation of plant pathogenic bacteria. To date, Hfq has been shown to be required for the virulence in the plant pathogens Agrobacterium tumefaciens and Erwinia amylovora (Zeng and Sundin, 2014) . However, in Xanthomonads, model bacteria for studying molecular microbe-plant interactions, the role is rather complex as deletion of hfq did not cause detectable changes in the disease symptoms produced by the plant pathogens Xanthomonas campestris pv. vesicatoria (Xcv) or Xanthomonas oryzae pv. oryzae (Xoo), suggesting that Hfq is dispensable for the virulence (Liang et al., 2011; Schmidtke et al., 2013) . However, these studies were not directly looking at Hfq function but the role of small non-coding RNAs (sRNAs) that this protein binds. Therefore, in the present study, we examined the role of Hfq in the Xanthomonas campestris pv. campestris (Xcc), the causative agent of black rot disease brassica crops worldwide (Mansfield et al., 2012; Vicente and Holub, 2013) . Here, we provide evidence showing that an hfq knockout significantly reduces Xcc virulence in Chinese radish and shows a severe defect in the production of virulence factors including extracellular enzymes, extracellular polysaccharide, cell motility and stress tolerance. Results indicate that Hfq is of central importance to virulence regulation of Xcc.
Results and discussion
Xcc strain 8004 encodes an hfq (XC_2515) homologue and is co-transcribed with its flanking genes
The genome of Xcc strain 8004 encodes a putative hfq gene (XC_2515) (hfq Xcc ) located in the nucleotides from 3048294 to 3048572 of the complementary strand (Qian et al., 2005) . Hfq Xcc (XC_2515) is a protein that consists of 92 amino acids (aa) and shows 67% sequence identity to the E. coli Hfq protein, of which the region 1-66 aa is highly conserved with the remainder of the protein is more diverse (Fig. 1) . Interestingly, hfq Xcc is located between miaA and hflX, which are most likely transcribed in the same direction (Fig. 1) . This genetic organization is conserved in many bacterial species with hfq is cotranscribed with miaA (Tsui et al., 1996; Chambers and Bender 2011) .
To determine whether hfq Xcc is co-transcribed with its flanking genes, reverse transcription PCR (RT-PCR) analysis was carried out using the primers spanning the adjacent genes miaA and hflX. The results showed that hfq Xcc was transcribed together with the downstream gene hflX, but not the upstream gene miaA (Fig. 1) . To identify the transcriptional start site (TSS) of hfq Xcc , 5 0 -RACE (rapid-amplification of cDNA ends) analysis was performed (Supporting Information Fig. S1 ) and the results displayed that the TSS of hfq Xcc was located at RT-PCR analysis of hfq Xcc transcripts. PCR amplifications were carried out using the genomic DNA (DNA) of Xcc strain 8004, the reverse transcription products of the total RNA with (RT+) or without addition (RT−) of reverse transcriptase, as template respectively. The primer pairs used in each experiment are indicated at the top.
the −66 nucleotide (nt) from its translational start codon ATG (Fig. 1) . The expression level of hfq Xcc at different growth stages was constitutive in rich and minimal media (Supporting Information Fig. S2 ), differing from the E. coli hfq, whose expression level is growth phase dependent (Kajitani et al., 1994; Vytvytska et al., 1998) .
Hfq Xcc binds sRNA suggesting its role as a chaperone
In most bacteria, Hfq carries out its regulatory action by functioning as an RNA chaperone. For this, it binds to trans-encoded sRNAs to facilitate base-pairing of the sRNAs with their mRNA targets (Wagner, 2013; Updegrove et al., 2016) . Many sRNAs are stabilized by Hfq binding in vivo and several sRNAs are degraded in the absence of this protein binding (Moon and Gottesman, 2011) . To ascertain whether Hfq Xcc impacts the sRNAs stability, we examined the expression of five sRNAs in the Xcc wild-type strain 8004 and a strain lacking Hfq Xcc (designated Δhfq) by Northern blotting analysis. The sRNAs were randomly selected from a large number of sRNAs identified by deep RNA sequencing. The Δhfq was created by in-frame deletion of hfq Xcc (see section on 'Methods').
Northern blot analysis revealed that all the five sRNAs were expressed in wild-type Xcc when grown in complex media. Interestingly, one sRNA (designated sR Xcc -141) was not detectable in the mutant strain Δhfq ( Fig. 2A) , suggesting that Hfq Xcc is required for the intracellular accumulation of this sRNA (sR Xcc -141).
To determine if Hfq Xcc binds sR Xcc -141 directly, electrophoretic mobility shift assay (EMSA) and coimmunoprecipitation (Co-IP) analysis were performed. For these experiments, recombinant Hfq Xcc protein named (His) 6 -Hfq was generated and purified from E. coli. Also, a Xcc recombinant strain named 8004Hfq3F expressing the protein Hfq Xcc Flag3 (Hfq Xcc with 3× FLAG at its C-terminus) was generated (see Methods). EMSA demonstrated that (His) 6 -Hfq could bind sR Xcc -141 in vitro (Fig. 2B) . Furthermore, Co-IP analyses showed that the Hfq Xcc Flag3 expressed in Xcc could bind sR Xcc -141 in vivo (Fig. 2C) . Taken together, these data suggest that Hfq Xcc functions as an RNA chaperone as it binds specific sRNAs and this binding is important for the RNAs stability in vivo.
Deletion of hfq Xcc does not impact Xcc growth in media
It has been highlighted that mutation of hfq can impact growth under certain conditions in several bacterial species including E. coli (Tsui et al., 1994) , Vibrio cholerae (Ding et al., 2004) , Salmonella typhimurium (Sittka et al., 2007) , Francisella tularensis (Meibom et al., 2009) , Yersinia pseudotuberculosis (Schiano et al., 2010) and F. novicida (Chambers and Bender, 2011) . However, this impairment of growth was not been observed in Xanthomonas campestris pv. vesicatoria or Xanthomonas oryzae pv. oryzae strains (Liang et al., 2011; Schmidtke et al., 2013) . In order to determine whether deletion of hfq Xcc has any effect on the growth of Xcc, we compared the growth rates of the Δhfq and the Xcc wild-type strain in the rich medium NYG and the minimal medium MMX. The results showed that the mutant and the wild-type grew similarly in selected conditions (Fig. 3) . The data indicate that Hfq Xcc is not critical for Xcc growth in the conditions tested but does not rule out an impact under other conditions. Hfq Xcc is required for the full virulence of Xcc As Hfq is documented to play a key role in bacterial pathogenesis (Chao and Vogel, 2010) , we wished to test if this was also the case in Xcc. To determine whether Hfq Xcc is involved in the regulation of pathogenicity of Xcc, we tested the virulence of the mutant strain Δhfq on the host plant Chinese radish (Raphanus sativus L. var. radiculus Pers.) by leaf-clipping inoculation (see Methods). Disease symptoms ten days post-inoculation were documented. Although the Δhfq mutant could cause disease it was severally attenuated (mean lesion length of 7.9 mm) compared with Xcc wild-type (mean lesion length was 13.8 mm) ( Fig. 4A and B) . These results indicate that Hfq Xcc is required for the full virulence of Xcc. Importantly, a Δhfq complemented strain (CΔhfq), which was constructed by introducing the recombinant plasmid pL6hfq that harboured the hfq Xcc gene into the mutant Δhfq (see section on 'Methods'), restored disease symptoms toward the wild-type phenotype (mean lesion length of 13.0 mm) ( Fig. 4A and B) . Taken together, the data reveal Hfq Xcc is required for the full virulence of Xcc.
To test whether the reduced virulence was correlated to a reduced growth rate of the pathogen in the host, we investigated the growth of the mutant Δhfq in planta. For this, a collection of 5 inoculated radish leaves was homogenized in sterilized water and plated on NYG supplemented with appropriate antibiotics. Bacterial colony forming units (cfu) were enumerated after incubation at 28 C for 3 days. After enumeration, the total bacterial number of the hfq Xcc deletion mutant in the infected leaves was approximately 10-fold less than that of the wild-type strain at each of the test points (Fig. 4C) . The difference is significant (p = 0.01 by t-test). Importantly, the mutant growth difference in planta could be restored toward the wild-type by in trans expression of hfq Xcc in the Δhfq background (Fig. 4C ). These results demonstrated that Hfq Xcc is required for the optimal growth of Xcc during infection.
To determine if Hfq is required for Xcc to trigger hypersensitive response (HR) in non-host plants, the hfq Xcc mutant Δhfq was inoculated on the leaf of pepper cultivar ECW-10R (see section on 'Methods' for details). The result showed that 24 h after inoculation no significant difference was observed on the HR symptoms produced by the mutant Δhfq and the Xcc wild-type (Fig. 4D ), suggesting that Hfq Xcc is dispensable for Xcc to trigger HR on Fig. 3 . Growth of the wild-type strain 8004 (wild type) and hfq Xcc deletion mutant (Δhfq) in the rich medium NYG and the minimal medium MMX. Overnight cultures (OD 600 ≈ 1.0) of Δhfq and Xcc strain 8004 were collected and washed twice in liquid MMX, and resuspended in the same value of liquid MMX. About 2 and 10 ml of the resuspension were inoculated into 100 ml NYG and MMX in a 250 ml flask, respectively, and incubated in a shaker at 28 C with 200 rpm. At the indicated time points, the bacterial cell number colony forming units (CFU) in the culture was determined using dilution plate counting method. Each experiment was performed at least in triplicate. Data shown were from a representative experiment and similar results were obtained in other two independent experiments. non-host plant. The data suggest that Hfq Xcc is not important for HR induction in a non-host plant (pepper cultivar ECW-10R). This observation is different from the findings reported in E. amylovora, whose Hfq is essential for HR induction in the non-host plant Nicotiana benthamiana (Zeng and Sundin, 2014). However, it is not that surprising given the route of infection and mechanism of disease between Xcc and E. amylovora are very different.
Hfq Xcc is required for the production of extracellular polysaccharide, endoglucanase and amylase Xcc is known to utilize several essential virulence factors (virulence determinants), which collectively contribute to the ability of the pathogen to cause disease. These factors include extracellular polysaccharide (EPS), extracellular enzymes (protease, endoglucanase and amylase) (Ryan et al., 2011) . In other pathogenic bacteria, Hfq has been shown to control virulence through modulation of the production of specific virulence factors (Chao and Vogel, 2010; Feliciano et al., 2016) . To clarify whether Hfq Xcc exhibits any influence on the production of key virulence factors, we compared EPS production and extracellular enzymes' activity of the Δhfq mutant with the wild-type strain (see section on 'Methods' for details).
The results showed that the extracellular protease levels produced by the Δhfq mutant and the wild-type were similar (Fig. 5) . Conversely, the levels of EPS production and extracellular endoglucanase and amylase The average lesion lengths caused by Xcc strains. The value at the top of reach column is the average lesion length (mm) ± SD from three repeats. The different letters above each bar indicate significant differences at p = 0.01 by t-test. C. The growth of the Xcc wild-type strain 8004, the hfq Xcc deletion mutant Δhfq and the complemented strain CΔhfq in inoculated leaves. Data are the mean ± SD from three independent experiments. Each experiment was carried out with three replicates. D. HR induced on non-host plant pepper leave (Capsicum annuum cv. ECW-10R) by Xcc strains. The photograph was taken 24 h after infiltration. The type III-deficient mutant strain (hrcV − ) was used as a negative control.
activity were significantly reduced in the hfq Xcc mutant compared with wild-type (Fig. 5) . Importantly, EPS production and the levels of extracellular endoglucanase and amylase could be restored toward wild-type by in trans expression of hfq gene in the Δhfq mutant (Fig. 5 ). Taken together, these results imply that Hfq Xcc is involved in the production of some key virulence factors in Xcc.
Hfq Xcc is important for Xcc motility and osmolyte stress tolerance
In most pathogenic bacteria the observed virulence defects in hfq mutants have usually been accompanied by reduced stress tolerance and impaired cell motility (Chao and Vogel, 2010; Vogel and Luisi, 2011; Sobrero and Valverde 2012; Wagner, 2013; Updegrove et al., 2016) . To determine if Hfq is required for Xcc cell motility and adaption to stress we compared the hfq Xcc mutant with those of the wild-type strain. To achieve this, the Δhfq and wild-type strains were assessed for motility on 0.6% and 0.28% agar respectively (see section on 'Methods'). The results showed that the Δhfq mutant was unable to move on the surface of the 0.6% agar plate (Fig. 6A) . However, Δhfq mutant also displayed a hypermotility phenotype on the 0.28% agar plate (Fig. 6A) . The 0.6% agar motility defect of the hfq Xcc mutant could be fully restored by expression of hfq Xcc in trans (Fig. 6A) , demonstrating that Hfq Xcc is essential for motility of Xcc. However, the complemented Δhfq mutant did not restore the hyper motility phenotype on 0.28% agar but instead had a negative effect on this form of motility. This may be a result of deregulation of motility. Taken together, the results indicate that Hfq Xcc plays a role in the regulation of motility but the specific mechanism of regulation still requires further investigation.
The role of Hfq Xcc in stress tolerance was investigated by comparing the growth of the Δhfq mutant and the wild-type strain under various conditions, including changes to temperature, pH, solute concentration and challenge by detergent, reactive oxygen species or heavy metals (see section on 'Methods'). The growth of the Δhfq mutant was similar to wild-type strain under the majority of conditions tested, including low (20 C) and high (37 C) temperature, low (4.0) and high (9.0) pH, and ) (data not shown). However, the NaCl tolerance assay showed that in the presence of increasing concentrations of NaCl the Δhfq mutant was impaired for growth when compared with the wild-type strain (Fig. 6B) . The NaCl sensitive phenotype of the Δhfq mutant could be rescued by complementation (Fig. 6B) , indicating that Hfq Xcc is required for Xcc tolerance of changes in osmolality.
Hfq Xcc positively modulates the expression of the gum operon
Here, we demonstrated that Hfq Xcc plays a role in regulating a range of virulence factors involved in disease. In particular, we showed that Hfq Xcc plays a role in Fig. 5 . Test of extracellular enzyme activity and polysaccharide (EPS) production of Xcc. A. Detection of the activity of extracellular enzymes. Zones of clearance around the spot due to the degradation of the substrate were photographed. Three plates were inoculated in each experiment, and each experiment was repeated three times. The relative activity of the enzyme was indicated by the diameter of the clear zone. B. Detection of EPS production by Xcc strains. Xcc trains were cultured in 100 ml NYG liquid medium containing 2% (w/v) glucose at 28 C with shaking at 200 rpm for 3 days. EPS was precipitated from the culture supernatant with ethanol, dried, and weighed. The value at the top of each column is the mean EPS yield (g/l) ± SD from three repeats. The different letters above each bar indicate significant differences at p = 0.01 by t-test.
controlling EPS production. The gum operon that encodes the proteins essential for EPS biosynthesis in Xcc consists of 12 genes ( gumB to gumM) and is controlled by a promoter upstream of the first gene, gumB (Katzen et al., 1998; Vojnov et al., 2001) . We sought to verify if Hfq Xcc positively affects the expression of the gum operon. To this end, we determined the mRNA level of the gum operon in the Δhfq strain by Northern blotting using digoxigenin (DIG)-labelled antisense RNA probes complementary to each of the 12 gum genes. The results demonstrated that the mRNA level of all the gum genes was severely reduced in the hfq Xcc mutant, compared with the wild-type (Fig. 7) , demonstrating that Hfq Xcc positively affects the expression of the gum operon.
Previous work has shown that the transcription of gum operon in Xcc is directly activated by the global transcriptional regulator Clp (cAMP receptor-like protein) (Chen et al., 2010) . To determine whether Hfq Xcc regulates the expression of the gum operon via controlling the expression of clp, clp mRNA level in the hfq Xcc mutant was Fig. 6 . Effect of hfq Xcc deletion on cell motility and high osmotic pressure tolerance. A. Motility of the Xcc wild-type strain 8004, the hfq Xcc mutant Δhfq and the complemented strain CΔhfq were examined on 0.6% and 0.28% agar plates. About 2 μl overnight culture (OD 600 ≈ 1.0) of each strain was respectively spotted onto the 0.6% and 0.28% agar plates, and results were observed and photographed after incubated at 28 C for 3 days. B. Tolerance of Xcc strains to NaCl. The overnight cultures of the wild-type strain 8004, hfq Xcc mutant Δhfq and the complemented strain CΔhfq (OD 600 ≈ 1.0) were inoculated into 200-ml NYG medium supplemented with NaCl to a desired final concentration, and incubated at 28 C with shaking at 200 rpm, and cell density (OD 600 ) was measured 24 h post-inoculation. Each experiment was repeated three times. The asterisks above the columns represent the significant difference (p = 0.01 by t-test) versus the wild-type strain.
detected by Northern blotting. The result displayed that deletion of hfq Xcc did not alter the clp mRNA level (Fig. 7) . These data suggest that the regulation of the gum operon by Hfq Xcc is independent of Clp. The specific mechanism by which Hfq Xcc alters the gum operon mRNA level remains to be further explored.
Conclusions
In this study, we demonstrated that the RNA chaperone Hfq in the phytopathogen Xcc plays important role in plant virulence and the regulation of multiple cellular processes that contribute to pathogenesis. These observations are different from previous findings in other Xanthomonas strains where Hfq was shown to be dispensable for the virulence of Xcv and Xoo (Liang et al., 2011; Schmidtke et al., 2013) . Despite these strains being taxonomically closely related to Xcc their processes of causing disease are very dissimilar which likely accounts of the difference in the role Hfq plays (Liang et al., 2011; Ryan et al., 2011; Schmidtke et al., 2013) .
Xcc is one of only a few characterized phytopathogens that utilize Hfq to control virulence and virulence-related traits. It is clear that Hfq Xcc is involved in the regulation of multiple aspects of Xcc pathogenesis including the production of EPS and extracellular enzymes, osmolyte stress tolerance, motility as well as in planta survival. Despite these observations, more work is required to tease out the specific molecular mechanisms that underpin Hfq Xcc regulation of these virulence-related traits.
We show here that Hfq Xcc binds specifically to sRNAs in vivo/in vitro strongly suggesting the importance of sRNA in Xcc pathogenesis. Furthermore, as previous studies have shown that Hfq in other bacteria acts as a regulator by sRNA-mediated post-transcriptional regulation (Vogel and Luisi, 2011; Sobrero and Valverde, 2012; Wagner, 2013; Updegrove et al., 2016) , therefore, it will be of great value to identify Hfq Xcc -associated sRNAs and in particular those that are involved in virulence regulation in Xcc.
Experimental procedures

Bacterial strains, plasmids and growth conditions
The bacterial strains and plasmids used in this work are listed in Supporting Information Table S1 . E. coli strains were grown in LB medium (Miller, 1972) at 37 С. Xcc strains were grown in the rich medium NYG or the minimal medium MMX (Daniels et al., 1984) at 28 С. Antibiotics were used at the following final concentrations: ampicillin, 100 μg ml −1 ; chloramphenicol, 100 μg ml −1 ; kanamycin, 25 μg ml −1 ; rifampicin, 50 μg ml −1 and tetracycline 15 μg ml −1 for E. coli and 5 μg ml −1 for Xcc.
Construction of an hfq Xcc deletion mutant
An unmarked hfq Xcc deletion mutant was constructed by using the method described by Ried and Collmer (1987) . Briefly, an 895-bp DNA fragment upstream of the start Xcc wild-type strain 8004, hfq Xcc deletion mutant Δhfq and the complemented strain CΔhfq were cultured in NYG supplemented with 2% (w/v) glucose at 28 C with shaking at 200 rpm for 24 h. Total RNA was isolated and 3 μg of the total RNA was separated on 6% denature (8 M urea) polyacrylamide gel electrophoresis and transferred to a positively charged nylon membrane. After UV-crosslinking, the membrane was hybridized with DIG-labelled RNA probes of gum genes (B-M), clp gene and 5S rRNA gene respectively. The hybridization was performed at 68 C for 8 h. Signal bands were detected by using a DIG-Northern Starter Kit and visualized with an ImageQuant LAS 500 imager.
codon and an 882-bp DNA fragment downstream of the stop codon of hfq Xcc gene were amplified by PCR using the genomic DNA of the Xcc wild-type strain 8004 as template and the primer pairs 2515UFF/2515UFR and 2515DFF/2515DFR (Supporting Information Table S2) respectively. After confirmation by sequencing, the 895-bp fragment was digested with HindIII and EcoRI, and the 882-bp fragment was digested with EcoRI and XbaI, and the two digested fragments and the XbaI and HindIIIdigested DNA of the suicide plasmid pK18mobsacB (Supporting Information Table S1 ) were linked together by T4-DNA ligase to generate the recombinant plasmid named pKhfqUD which was transformed into E. coli DH5α (Supporting Information Table S1 ). Then the plasmid pKhfqUD was introduced from DH5α into Xcc strain 8004 by triparental conjugation using the helper plasmid pRK2073 (Supporting Information Table S1 ). Singlecrossover integration mutant transconjugants were selected on NYG plates containing rifampicin and kanamycin, and further confirmed by their sucrose-sensitive phenotype. One of the confirmed mutant transconjugants was grown overnight in liquid NYG, then diluted and plated onto NYG plates containing rifampicin and 5% sucrose. After incubation at 28 C for 3 days, sucrose-resistant/kanamycin-sensitive colonies were screened and checked for the deletion of the targeted hfq Xcc by PCR using the total DNA of the colonies as template and 2515UFF/2515DFR (Supporting Information  Table S2 ) as primers. The confirmed in-frame deletion mutant of hfq Xcc was named Δhfq (Supporting Information  Table S1 ) and used for further study.
Complementation of the hfq Xcc deletion mutant
A 738-bp DNA fragment containing the entire hfq Xcc gene (from 298 bp upstream of the start codon to 161 bp downstream of the stop codon) was amplified by PCR using the genomic DNA of the wild-type strain 8004 as template and 2515CF/2515CR (Supporting Information Table S2 ) as primers. After confirmation by sequencing, the DNA fragment was cloned into the promoter-less cloning sites of the vector pLAFR6 (Supporting Information Table S1 ) to generate the recombinant plasmid named pL6hfq (Supporting Information Table S1 ). The plasmid pL6hfq was transferred into Δhfq by triparental conjugation. The transconjugants carrying pL6hfq were screened on NYG plates containing rifampicin and tetracycline. A confirmed transconjugant representative was named CΔhfq (Supporting Information  Table S1 ) and used for further study.
Northern blotting
Xcc cells were cultured in certain growth conditions and collected at a desired growth time point. Total RNA was isolated using the PureLink RNA Mini kit (Thermo Fisher Scientific), and 3-5 μg total RNA was separated on 6% denature (8 M urea) polyacrylamide gel and transferred to a positively charged nylon membrane (Roche Applied Science, Mannheim, Germany). After UV-crosslinking, the membrane was hybridized with a DIG-labelled RNA probe [prepared by using a DIG RNA labelling kit (Roche Applied Science, Mannheim, Germany)] at 68 C for 8 h. Signal bands were detected by using the DIGNorthern Starter Kit (Roche Applied Science, Mannheim, Germany) and visualized with an ImageQuant LAS 500 imager (GE Healthcare).
Construction of an E. coli strain for production of the Xcc (His) 6 -Hfq protein A 279-bp PCR product containing hfq Xcc coding region was amplified using the genomic DNA of Xcc strain 8004 as template and the primer pair 2515PF/2515PR (Supporting Information Table S2 ) designed according to the sequence of the Hfq Xcc -coding ORF XC2515 in Xcc strain 8004 (Qian et al., 2005) . After confirmation by sequencing, the DNA fragment was inserted into the BamHI and HindIII sites of the expression vector pET30a-C(+) (Novagen, Darmstadt, Germany) to generate the recombined plasmid named pET2515 (Supporting Information Table S1 ), and the plasmid pET2515 was then introduced into the E. coli strain BL21(DE3)pLysS (Novagen, Darmstadt, Germany), creating the strain named BL2515 (Supporting Information Table S1 ), which was used for (His) 6 -Hfq Xcc protein production.
Purification of (His) 6 -Hfq Xcc protein Strain BL2515 was cultured at 37 C with shaking at 200 rpm. When the cell density (OD 600 ) reached about 0.6, isopropyl-beta-D-thiogalactopyranoside (IPTG) was added at a final concentration of 1 mM and the culture was further incubated at 37 C for 3 h. Cells were harvested by centrifugation at 4 C for 20 min at 3500g and resuspended in 1× PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , pH7.4) and ruptured by sonication, followed by centrifugation at 12 000g at 4 C for 15 min. (His) 6 -Hfq Xcc was purified from the cellfree extract by using a 6× His-Tagged Protein Purification Kit (CWBIO, Beijing, China). Purified (His) 6 -Hfq Xcc protein was quantified using a BCA protein quantification kit (Beyotime Biotechnology, China). The purified (His) 6 -Hfq Xcc protein was stored at −80 C.
RNA gel mobility shift assay
RNA gel mobility shift assay was carried out as described previously (Yakhnin et al., 2012) with some minor modifications. DNA templates for generating sR Xcc -141 RNA were produced by PCR amplification using the genomic DNA of strain 8004 as template and the primers 141ivF/141ivR (Supporting Information  Table S2 ). sR Xcc -141 RNA was generated by in vitro transcription using T7 RNA polymerase (Fermentas China Co., Ltd), and biotinylated using Pierce RNA 3'-End Biotinylation Kit (Thermo Fisher Scientific). The in vitro binding of the unlabelled (His) 6 -Hfq Xcc protein with the Biotin-labelled sR Xcc -141 RNA was performed using the EMSA/Gel-Shift Kit (Beyotime Biotechnology, China). (His) 6 -Hfq Xcc protein was mixed with 1 nM Biotin-labelled sR Xcc -141 RNA in 9μl binding buffer (40 mM Tris-HCl, 150 mM KCl, 10 mM MgCl 2 , 1 mM DTT, 0.01% TritonX-100, pH 7.5) for 30 min at 28 C to allow the formation of protein-RNA complex. About 1 μl colourless EMSA/Gel-Shift loading buffer was added to the binding reaction and immediately separated by 6% native polyacrylamide gel electrophoresis and then transferred to a positively charged nylon membrane (Roche Applied Science, Mannheim, Germany). Signal bands were detected according to the EMSA/Gel-Shift Kit's instructions and visualized with an ImageQuant LAS 500 imager (GE Healthcare).
Construction of an Xcc strain expressing the recombinant protein Hfq Xcc Flag3
Strain 8004Hfq3F (Supporting Information Table S1 ), which expresses the recombinant protein Hfq Xcc Flag3, was constructed by in frame insertion of the 3× Flagcoding sequence into the 3 0 -end (just before the stop codon TGA) of the Hfq Xcc -coding sequence of Xcc strain 8004, using a suicide vector-mediated unmarked allelic replacement method described by Patey et al. (2006) . Briefly, a 1236-bp DNA fragment (U fragment), which was composed of 891-bp DNA upstream of the hfq Xcc start codon, 276-bp Hfq Xcc -coding sequence, 66-bp 3× Flag-coding sequence, and the 3-bp stop codon of hfq Xcc , was generated by PCR amplification using the genomic DNA of strain 8004 as template and the primer pair hfq3FUF/hfq3FUR (Supporting Information  Table S2 ). Simultaneously, a 937-bp DNA fragment (D fragment) downstream of the hfq Xcc stop codon was generated by PCR amplification using the genomic DNA of strain 8004 as template and the primer pair hfq3FDF/ hfq3FDR (Supporting Information Table S2 ). The U and D fragments were digested with EcoRI/XbaI and XbaI/HindIII, respectively, and the digested U and D fragments were then ligated with the EcoRI/HindIII-digested pK18mobsacB (Supporting Information Table S1 ) using T4 DNA ligase (Fermentas China Co., Ltd), generating the recombined plasmid named pKhfq3F (Supporting Information  Table S1 ). The plasmid pKhfq3F was transferred from E. coli into Xcc strain 8004 by triparental conjugation.
Single-crossover integration mutant transconjugants were selected on NYG plates containing rifampicin and kanamycin, and further confirmed by their sucrose-sensitive phenotype. One of the confirmed mutant transconjugants was grown overnight in liquid NYG, then diluted and plated onto NYG plates containing rifampicin and 5% sucrose. After incubation at 28 C for 3 days, sucrose-resistant/kanamycin-sensitive colonies were screened and checked for the in frame insertion of 3× Flag-coding sequence at the position just before the stop codon of the hfq Xcc gene by sequencing analysis of the PCR products generated by amplification of the genomic DNA of the colonies with the primer pair hfq3FUF/hfq3FDR (Supporting Information Table S2 ). Expression of Hfq Xcc Flag3 protein was further confirmed by Western blotting. One of the confirmed mutants was named 8004Hfq3F (Supporting Information  Table S1 ) and used for further study.
Isolation of Hfq-bound RNA by co-immunoprecipitation
Co-IP of Hfq-RNA complex was performed as described previously (Vakulskas et al., 2014) , with minor modifications. The Hfq Xcc Flag3-expressing strain 8004Hfq3F and the wild-type strain 8004 (here used as a control strain) were cultured in liquid NYG at 28 C. When the cell density (OD 600 ) reached about 0.8, formaldehyde was added at a final concentration of 0.5% and the culture was further incubated at 28 C for 15 min. Crosslinking reaction was quenched at room temperature for 10 min after addition of glycine (pH 7.0) at a final concentration of 0.125 M. The reaction was then placed on ice and the cells were harvested by centrifugation at 4000g at 4 C for 30 min. After washed twice with 1× phosphatebuffered saline, the cells were resuspended in 10 ml RIPA buffer on ice and ruptured by sonication. Unbroken cells and debris were removed by centrifugation at 12 000g at 4 C for 15 min and the supernatant was pooled for immunoprecipitation. The supernatant was incubated with 50 μl of anti-Flag M2-agarose suspension (Abmart, China) for overnight at 4 C. The mixture was filtered by using a mini chromatography column (Solarbio, China). The agarose beads were washed five times by 10 ml of RIPA buffer and the proteins bound to the beads were eluted with about 100 μl 0.2 M glycine (pH 2.5), pooled and used as bound fraction. RNAs were extracted from the bound fraction as described by Vakulskas et al. (2014) . RNA samples were subjected to Northern blotting or stored at −80 C.
Virulence assay and determination of bacterial growth in planta
The virulence of Xcc strains on Chinese radish (Raphanus sativus L. var. radiculus Pers.) was determined using the leaf-clipping method (An et al., 2017) . Xcc strains were grown in NYG medium at 28 С with shaking at 200 rpm for 15 h. Cell concentration was adjusted to OD 600 = 0.001. Two to three leaves per plant were cut with scissors dipped in the bacterial suspensions. Sixty to eighty leaves were inoculated in each independent experiment. Each treatment was repeated three times. Lesion length was measured and photographs were taken 10 days post-inoculation. The growth of bacteria in radish leaf tissues was measured by homogenizing a group of leaves (5 leaves for each sampling) in 9 ml sterile water. Diluted homogenates were plated on NYG supplemented with rifampicin (for wild type strain) or rifampicin plus kanamycin (for mutants). Bacterial colony forming units (CFUs) were counted after incubation at 28 С for 3 days.
Hypersensitive response test
The hypersensitive response (HR) of Xcc was tested on the non-host plant pepper ECW-10R (Capsicum annuum cv. ECW-10R). The plants were inoculated by infiltrating approximately 5 μl of bacterial suspension (OD 600 ≈ 0.01) in 10 mM sodium phosphate buffer (Na 2 HPO 4 5.8 mM, NaH 2 PO 4 4.2 mM, pH 7.0) into the abaxial leaf surface using a 1-ml blunt-end plastic syringe. The inoculated plants were maintained in a greenhouse with a 12-h day-and-night cycle with illumination by fluorescent lamps and a constant temperature of 28 C. HR symptoms were photographed 24 h post-inoculation. At least three plants were inoculated in each experiment, and each experiment was repeated at least three times.
Motility assay
To test 0.6% agar plate motility, an overnight culture (OD 600 of 1.0) of each Xcc strain was inoculated onto NY plates containing 2% glucose and 0.6% agar using a toothpick, and then incubated at 28 C for 3 days. To detect 0.28% agar plate motility, the bacterial cells were stabbed into 0.28% agar plates composed of 0.03% Bacto peptone and 0.03% yeast extract followed by incubation at 28 C for 4 days.
Test of extracellular enzyme and polysaccharide (EPS) production
Relative activities of extracellular enzymes were assayed as described previously (Tang et al., 1987) . About 2 μl Xcc cultures (OD 600 ≈ 1.0) was spotted onto NYG plates containing 1% (w/v) skimmed milk (for protease), 0.5% (w/v) carboxymethylcellulose (for cellulase) or 0.1% (w/v) starch (for amylase) and incubated at 28 C for 24 h. The starch plates and cellulose plates were stained with KI/I 2 and Congo red respectively. Zones of clearance around the spot due to the degradation of the substrate were photographed. Three plates were inoculated in each experiment, and each experiment was repeated three times. The relative activity of the enzyme was indicated by the diameter of the clear zone.
The EPS production was measured as described by Chao et al. (2008) . Overnight cultures (OD 600 ≈ 1.0) of Xcc strains were inoculated (with 2% inoculums size) into a 500-ml flask containing 100 ml fresh NYG medium with 4% glucose and incubated at 28 C with 200 rpm shaking for 5 days. The EPS was precipitated from the culture supernatant by the addition of three volumes of 95% ethanol, dried and weighed. Three flasks were inoculated in each experiment, and each experiment was repeated three times.
NaCl tolerance assay
A volume 200 μl of Xcc overnight culture (OD600 = 1.0) was inoculated into 200-ml NYG medium supplemented with NaCl to a desired final concentration and incubated at 28 C with shaking at 200 rpm. Bacterial growth was monitored by measuring the OD 600 at specific time points.
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